Neonatal, cardiac and pediatric intensive care units (ICUs) frequently use the neurally adjusted ventilatory assist (NAVA) mode of ventilation, which has been shown to improve patient-ventilator synchrony and decrease work of breathing as it uses neural impulse to guide patient and ventilator breaths. We reviewed uses of NAVA as the mode of ventilation and oxygenation in pediatric (P)ICU and cardiac (C)ICU patients. We found that NAVA mode improves patient-ventilator interaction by improving synchrony and thus decreasing work of breathing. This eventually improved all aspects of critical care, as demonstrated by decreased need for sedation, improvement in hemodynamics, improvement in patient comfort, decreased days on ventilator, decreased days in ICU and decreased hospital length of stay. Additional studies need to be done in order to help NAVA technology become a primary mode of ventilation in PICU and CICU. Further studies are also needed to evaluate the successful use of noninvasive-NAVA as a means of preventing endotracheal intubation or to allow early extubation in our population.
Introduction
Conventional modes of ventilation currently used in pediatric and cardiac intensive care units (PICUs and CICUs, respectively) include volume, pressure or combination modes. These are mostly assist modes, as they are delivered by means of pneumatic signals generated by patient effort. Though these currently serve the purpose of oxygenation and ventilation, these are not ideal due to asynchrony and effect on patient's work of breathing.
Neurally adjusted ventilator assist (NAVA) mode was predominantly developed by Sinderby et al. to promote comfort in neonates. 1-3 To understand this novel mode of ventilation, we must first understand the physiology of normal ventilation. A variety of signals constantly provide neural feedback via complex regulatory systems, such as stretch receptors in the lungs, the HeringBreuer reflex, lung compliance changes, upper airway receptors, peripheral and central chemoreceptors. These signals originate in the respiratory center of the brain stem and are then carried via the phrenic nerve to the diaphragm resulting in diaphragmatic contraction and subsequent chest expansion. This process generates negative pressure in the thoracic cavity, drawing in air and causing expansion of the lungs and consequent changes in pulmonary pressure, flow and volume. 1- 4 NAVA utilizes electrical voltages travelling via the phrenic nerve (known as electrical activity of the diaphragm (Edi); Fig. 1 ) as a marker of respiratory effort in guiding the ventilator for initiation of respirations. A specialized nasogastric tube, with eight bipolar electrodes (sensors), is positioned in the lower esophagus at the level of the crural diaphragm to measure the Edi signal (Figs. 2-4) .
As seen in Figure 1 , in a healthy volunteer in the resting state, low Edi voltages can maximally recruit diaphragmatic muscles, generating a normal tidal volume (green diaphragm). However, when patients initially become sick (yellow diaphragm), higher Edi voltages are needed to achieve the same tidal volume. Sicker patients (red diaphragm) maximize Edi voltages from the neural center and are unable to generate adequate tidal volumes.
of neurons that are sending the stimulus) and patient's respiratory rate. Signals from each electrode pair are differentially amplified, digitized and processed by specialized NAVA software. Electrical contamination from the heart, esophagus and environment are filtered and silenced to obtain the highest possible signal-to-noise ratio. In patients on NAVA, the following anatomic factors do not influence Edi signals: lung volume, body position, intra-abdominal pressure, postural and expiratory muscles, subcutaneous layers, applied positive end-expiratory pressure (PEEP), nasogastric feeds or milk influx during oral feeding.
Factors that decrease or alter Edi signals include failure to deliver respiratory signals due to apnea of prematurity, central hypoventilation syndrome, over-assist, hyperventilation, brain injury and sedation, as well as anatomic reasons (i.e. diaphragmatic hernia) and peripheral abnormalities such as phrenic nerve conduction failure, disease, or chemical paralysis of the neuromuscular junction or diaphragm.
Placement of the Edi catheter
Edi catheter placement, similar to nasogastric or oro-gastric tubes, uses measurements from nose to ear to xiphoid distance. The formula for insertion is included in the insert of the package from the manufacturer of the representative catheter shown in Figure 2 (Maquet, Rastatt, Germany).
As seen in Figure 5 , correct catheter position is demonstrated by the presence of the largest p-waves in the upper leads and by QRS complexes in the middle leads. There is subsequent progression to minimal or absent p-waves and QRS complexes in the lower leads. The Edi signal is superimposed on the retro-cardiac electrocardiogram as a lavender/purple color on the second and third lead.
The highest Edi value of the waveform (Edi peak) represents neural inspiratory effort and is responsible for the size and duration of the breath. The lowest Edi (Edi min) represents spontaneous tonic activity of the diaphragm, which prevents de-recruitment of alveoli during expiration. The Edi trigger (µV; the minimum increase in electrical activity from the previous trough) triggers the 
Setting up NAVA as mode of ventilation
Setting up NAVA mode of ventilation involves the set-up of NAVA, NAVA pressure support (PS) mode and NAVA backup pressure control (PC) mode, enabling the patient to transition between all three modes. The ventilator has a preset apnea time default; however, this can be altered based on the patient's age and respiratory rate. This ensures safety of patients should the Edi catheter disconnect or upon leakage of signals, absence of patient respiratory effort or other reasons for asynchrony. Clinical comfort and blood gases are used to determine the appropriate level of support. Edi peak may be influenced by the amount of ventilatory support provided. Overventilation can suppress spontaneous respiratory drive and decrease the Edi signal. Underventilation can result in increased respiratory drive and higher Edi signals. [1] [2] [3] [4] Safety mechanisms for NAVA In order to safely promote intermittent lung recruitment, the patient's ability to generate sufficient inspiratory pressure should be considered when setting a PIP limit. The PIP limit is set to prevent excessively large breaths; the ventilator will waste excessive tidal volume at 5 cmH 2 O below the set PIP limit. A level that is set too low results in an inability to generate a sigh or recruiting breaths; this may result in the development of progressive atelectasis.
Should the Edi catheter become mal-positioned, dislodged, or fail to detect the Edi signal, the ventilator reverts to NAVA PS. In a clinically apneic patient, the ventilator switches to NAVA PC. Upon Edi signal return, NAVA reverts to previous settings.
The ventilator delivers inspiratory pressure only as long as the Edi signal is detected. At the point of optimal lung inflation, the Hering-Breuer reflex is stimulated. This stretch reflex functions as a negative feedback mechanism to terminate the Edi signal and arrest ventilator flow, protecting the lung from overinflation.
Use of NAVA mode of ventilation in PICU and CICU patients
Optimization of assist-ventilation with NAVA, without the delays seen in conventional ventilation, has been proven over multiple cross-over studies in the pediatric and infant population, as well as in at least one parallel pilot study. 5 Invariably, these studies have shown a decrease in asynchrony in the infant and pediatric populations when compared to both PC and PS conventional ventilation. Similar results were shown in a 10-patient infant study by Bordessoule et al. in 2012. 6 The authors demonstrated statistically significant decreases in trigger delay, asynchrony index, wasted effort and an increased correlation between the ventilator and Edi. A separate study demonstrated an asynchrony index of 0% in 14 preterm neonates over the course of 12 hours of NAVA ventilation as compared to 22% in neonates ventilated in pressure regulated volume control (PRVC) mode. 7 Investigators have also demonstrated a total of 1,841 neural apneas during PRVC ventilation, with a median duration of 29 seconds; patients receiving NAVA ventilation had no neural apneas. This was hypothesized to be related to overventilation and support while in the PRVC mode. 7 In another study by Liet et al., the use of NAVA in children admitted with respiratory distress secondary to respiratory syncytial virus bronchiolitis was found to be effective because of its ability to minimize asynchrony. 8 Based on findings of improved oxygenation and lower inspiratory pressures, the authors hypothesized that synchrony improves assist delivery, prevents air swallowing and gastric distention, and improves pulmonary gas exchange, systemic blood flow and oxygen supply to tissues, decreasing morbidity, duration of ventilation and hospital length of stay. 8 Additionally, Piastra and colleagues showed significant decreases in PIP, overall decrease in mean airway pressure and heart rate. 5 The authors also demonstrated improved COMFORT score in patients under 1 year of age who were weaned from high frequency oscillatory ventilation to extubation via NAVA, as opposed to pressure supported ventilation. 5 In patients with acute respiratory distress syndrome (ARDS), NAVA could potentially be associated with significant physiological advantages over conventional ventilation. ARDS results in variable breathing patterns that affect metabolic demands, acid-base status and respiratory system mechanical properties. The preliminary physiological findings obtained by a small study conducted by Terzi et al. suggest that neural triggering provides a more effective means of weaning mechanical ventilation in patients with ARDS, while minimizing the hazards of dynamic hyperinflation. 9 The aforementioned 10-patient study of infants <1 year of age also demonstrated improved breath-to-breath variability with NAVA, providing corresponding variable pressure delivery in comparison to PC and PS ventilation. 6 The successful use of NAVA in a patient with congenital diaphragmatic hernia (CDH) pre-and post-repair has also been de- scribed in a single case report. 10 In this case, NAVA was implemented after synchronized intermittent mechanical ventilation PC/ PS failed within 24 hours of intubation secondary to asynchrony and discomfort. Upon switching to NAVA, the patient appeared more comfortable, resulting in sedation wean. Minehart et al. demonstrated that despite a defect in the diaphragm, Edi signals allowed for synchronized ventilation pre-and post-operatively. The child was extubated on postoperative day 1. 10 Of note, there are additional case reports on the use of NAVA in patients post-CDH repair.
Data is very limited regarding use of NAVA in postoperative congenital cardiac patients. In 21 postoperative cardiac patients, Bengtsson et al. demonstrated safe and potentially efficacious use of NAVA, improvement in patient-ventilator synchrony, reduction in airway pressures and trends towards early extubation. 11 In another study, Zhu and colleagues compared hemodynamic safety, oxygenation and gas exchange effects on patients with NAVA and pressure ventilation. They confirmed that there is no effect on hemodynamics in most of the postoperative cardiac patients. 12 Additionally, they found that the P/F ratio in the NAVA group was slightly higher than conventionally ventilated patients. 12 More studies are needed in this area to help bring this technology into mainstream practice.
Future research directions
The majority of literature on the clinical use of NAVA is based on its use in intubated patients. However, there are studies that demonstrate the successful use of noninvasive NAVA (NIV-NAVA) in neonates. Firestone et al. evaluated PIPs and Edi in premature infants using NIV-NAVA respiratory support. 13 In a study by Longhini et al. comparing the use of NAVA before and after extubation, there was no difference found in patient-ventilator interaction, gas Gupta M. et al: Neurally adjusted ventilatory assist mode in PICU Explor Res Hypothesis Med exchange, sedation requirements or vital signs between invasive and NIV-NAVA. 14 There is, however, a trend in pediatric critical care towards the use of nasal continuous positive airway pressure or nasal intermittent positive pressure ventilation in order to potentially prevent intubation and to support the patient's cardiorespiratory status post-extubation. Therefore, there is a probable role for the use of NIV ventilation with NAVA, particularly in neonates and infants in our PICU.
As we have seen in our PICU, the infants receiving NIV ventilation for acute respiratory failure often fail to synchronize with the ventilator, resulting in inefficient ventilation and oxygenation. Asynchrony during ventilation can have numerous adverse effects on the infant, namely increased mean airway pressure, fraction of inspired oxygen requirements, risk of barotrauma, risk and complications of sedation and risk of hemodynamic instability. 13 The use of NIV-NAVA in our neonate and infant populations could provide more effective synchronized ventilation that is more comfortable and less harmful and could also potentially lead to successful early extubation and decrease need for re-intubation. Additional studies need to be done in order to evaluate the successful use of NIV-NAVA as a means of preventing endotracheal intubation or to allow early extubation in our population.
Limitations
While NAVA improves arterial oxygenation and alveolar ventilation in pediatric patients by way of comfortable, synchronous ventilation with lower peak airway pressures, there are some significant drawbacks to this technology. NAVA is a new mode of ventilation, requiring some degree of adaptation and education in order to achieve the aforementioned benefits. Also, the Edi catheter is relatively expensive, although it does have the additional capability of use for feeding. 9 The NAVA technology itself is also expensive, due to the need for specialized software on the ventilators and frequent changing of the Edi catheters.
Conclusions
NAVA ventilation is an innovative way of providing more effective ventilation to intubated patients in the critical care setting using a sensitive physiologic trigger to initiate breaths. The comparative NAVA studies have demonstrated improved patientventilator synchrony with adequate oxygenation and ventilation. As the field of critical care (PICU and CICU) continues to favor less invasive interventions, there is much potential to use NIV-NAVA in order to prevent reintubation and facilitate successful early extubation.
